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Abstract Knowledge of the spatial and temporal patterns of root zone soil moisture is crucial for 
agronomical and water resources management. In this study, multiple data sources, including remotely 
sensed surface soil moisture retrieved from the European Remote Sensing Satellite-1/2 scatterometer 
(SCAT), soil moisture simulated by the VIP (Vegetation Interface Processes) eco-hydrological dynamical 
model, and in situ soil profile measurements were employed to assess root zone soil moisture over the 
Baiyang Lake Basin, north China. Correlation coefficients between the SCAT surface soil moisture dataset 
and VIP simulation in four seasons varied from 0.47 to 0.66 (p < 0.01). General agreement among remotely 
sensed retrieval, the eco-hydrological model prediction and in situ measurements shows the potential of the 
scatterometer for routine acquirement of surface soil moisture patterns in the study area. In addition, the 
overall agreement between VIP predicted root-layer soil moisture and in situ measurements confirms the 
reliability of using the VIP model for root-layer soil moisture monitoring at seasonal scales.  
Key words  root zone soil moisture; scatterometer; VIP model; north China  
 
 
INTRODUCTION 

Root zone soil moisture (RZSM) significantly affects surface energy partitioning, water cycling and 
crop production. Long-term RZSM time series are especially valuable for predicting trends in the 
soil water environment and understanding the impacts of global warming and land-use/cover change 
on hydrological and ecological processes, yet are harder to acquire than the surface soil moisture, as 
most of the remote sensors can only retrieve moisture information in the topmost soil layer. 
 Data from multiple sources, including remote sensing, simulation and in situ measurements, 
were used to obtain long-term surface soil moisture content in the Loess Plateau (Liu et al., 2009). 
Remote sensing techniques, especially microwave sensors, provide powerful tools in monitoring 
surface soil moisture (SSM) over large heterogeneous areas under almost all weather conditions, 
and have been broadly used (Albergel et al., 2008; Naeimi et al., 2009; Brocca et al., 2010; Lacava 
et al., 2010). The global RZSM data series is under preparation by the global soil moisture team at 
the Technical University of Vienna, Austria.  
 Due to the coarse resolution of remotely sensed RZSM, getting the information of RZSM in a 
catchment in high resolution is still a pressing issue. In this paper, RZSM in the semi-humid 
Baiyang Lake Basin, north China is simulated by VIP, a physical process-based eco-hydrological 
dynamic model. It is then compared at both point scale and regional scale with the RZSM derived 
from ERS scatterometer data by the filter method proposed by Wagner (2002).  
 
 
STUDY SITE 

Baiyang Lake watershed is located in north China, where elevation steps down from Taihang 
Mountain (approximately 2627 m a.m.s.l.) in the northwest to the piedmont alluvial plain in the 
southeast. Soil texture mainly includes loam, sandy and clay loam. Accordingly, grassland, shrub 
and forest dominate the mountainous area, while cropland and urban are the principal land uses in 
the plain area (Fig. 1). The prevailing cropping system is the rotation of winter wheat and summer 
maize. Meteorological records for the last 50 years show annual mean temperatures of 6.8~12.7°, 
and precipitation of 548 mm, with the peak frequency of rainfall in June to August, providing 80% 
of the annual amount in the study basin. 
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(a) (b) 

Fig. 1 DEM (a) and land-use (b) maps of the Baiyang Lake Basin. 
 
 
METHODOLOGY AND DATA 

Model description 

The Vegetation Interface Processes (VIP) model, a process-based eco-hydrological model, is 
employed for soil moisture simulation here (Mo et al., 2004). The ecological and hydrological 
processes are modelled by implementing a coupled 1-D soil–vegetation–atmosphere transfer 
(SVAT) scheme and remotely sensed vegetation index. In the model, soil water movement is 
simulated with the discrete Richards equation in three layers (2 cm, 100 cm, 60 cm) and energy 
fluxes are described with a two-source scheme discerning canopy and soil surface. Remotely 
sensed vegetation information from Terra-MODIS is used to describe the dynamics of vegetation 
characteristics. 
 
ERS-1/2 SCAT derived soil moisture 

The scatterometer (SCAT) on board the European Remote Sensing Satellite-1/2 (ERS-1/2) detects 
the radar backscattering coefficient, which is employed in the change detection method (Wagner et 
al., 2003) to eliminate the effects of vegetation cover. The final products are a relative measure of 
surface soil moisture ranging from 0 (dry condition reference) to 100 (wet condition reference) 
obtained by scaling normalized backscatter between the historically lowest and highest values, and 
re-sampled to approximately 12.5 km.  
 A semi-empirical exponential filter expressed in equation (1) is used to convert the surface 
saturation degree ms(ti) (<2 cm) retrieved from remote sensing at time ti into a Soil Wetness Index, 
SWI(t) at time t, if at least four measurements have been recorded within the most recent period  
[t–T, t], and taking all measurements within a period [t–3T, t] into calculation (Wagner et al., 
2002; Ceballos et al., 2005). In application, determination of the response time T is a crucial step, 
which is affected by the inter-annual climatic variability and weakly related to soil properties (clay 
and sand fractions, etc.) (Albergel et al., 2008). Here, the time parameter T is calibrated as 20 to 
estimate the wetness condition at a depth of 100 cm. 
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Meteorological and soil moisture measurements 

In situ measurements, required as input to the VIP model, including daily precipitation, sunshine 
duration, maximum and minimum air temperature, humidity, air pressure, and wind speed, are 
recorded at eight national meteorological stations in and around the Baiyang Lake Basin. Relative 
soil moisture (a ratio of measured soil moisture to field capacity, Liu et al. (2008)) at depths of 10, 
20 and 50 cm in the first, second and third 10-day periods from Hejian agro-meteorological station 
in the southeast of Baiyang Lake Basin is used for validation at the point scale. 
 
Irrigation set-up 

Irrigation amount per hectare was estimated from data collected from the Rural Statistic Annals of 
Hebei Province (2006), and irrigation amount was evenly assigned among seedling, recovering, 
heading and maturity stages of winter wheat, as well as seedling stage of summer maize, if soil 
water content at these critical growth stages was below 60% of field capacity.  
 
 
RESULTS  

Credibility of SCAT SSM 

Due to temporal discontinuity of scatterometer measurements, the SCAT SSM dataset for 2006 is 
selected to compare with measured daily precipitation as a preliminary evaluation of the credibility 
of scatterometer data in the basin. Generally, the temporal pattern of soil moisture closely follows 
the monsoonal precipitation distribution.  
 
Patterns of VIP prediction and SCAT SSM 

Daily soil moisture in 2006 with favourable data integrity is simulated by the VIP model with 
1 km resolution. Regional surface soil moisture on representative days of four seasons is illustrated 
in Fig. 2. The values were divided by the field capacity of each pixel according to mechanical 
composition (from Environmental and Ecological Science Data Centre for West China) for better 
display effects. It is obvious that surface soil moisture during the summertime exhibited the 
opposite spatial pattern to the other three seasons. In summer, much more homogeneity with 
higher wetness conditions of top-layer soil moisture appeared in mountainous areas, whereas in 
spring and autumn the moisture shows a higher gradient from the piedmont plain to mountainous 
areas than summer. The wetness discrepancy along the piedmont plain is clear in most cases, and 
this feature is altered by the monsoon controlled intensive precipitation from June to August. 
 By comparing Fig. 2 with the interpolated SCAT surface soil moisture map (Fig. 3), it can be 
inferred that VIP predictions of surface soil moisture are in strong consensus with SCAT 
measurements. In the three seasons other than summer, the southwest–northeast belt along 
Taihang Mountain is also easily identifiable, and high value centre alongside Baiyang Lake in the 
southeast region is depicted in winter (Fig. 3(a)). In summer, the consistency between VIP 
simulation and microwave data is acknowledged in detecting high values in the northeast and low 
values in the south (Fig. 3(c)). 
 The scatterometer dataset is represented as a percentage between driest and wettest conditions, 
while in situ soil moisture is recorded as a ratio of measured soil moisture to field capacity. In 
order to conduct the inter-comparison between the three datasets, both the modelled and in situ 
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Fig. 2 VIP simulated surface soil moisture in 2006: (a) 31 January; (b) 17 April; (c) 13 August;  
(d) 28 October.   

 
 

 
Fig. 3 Interpolated SCAT surface soil moisture with Kriging method in 2006: (a) 31 January;  
(b) 17 April; (c) 13 August; (d) 28 October.   

 
 

        

(b) (a)

              
Fig. 4 Comparison of SCAT surface soil moisture with VIP simulation in all grids across the Baiyang 
Lake Basin in 2006: (a) 31 January; (b) 17 April; (c) 13 August; (d) 28 October.  

(c) (d) 

 
 
data are scaled to the scatterometer dataset range, expressed as relative soil moisture (Liu et al., 
2009). Secondly, the spatial discrepancy of the model results and remotely sensed data is resolved 
by aggregating all simulations that fall in the corresponding SCAT grid. Then, we get a 
preliminary comparison, as shown in Fig. 4. It is found that throughout four seasons, the 
correlation coefficient (R) between VIP predicted SSM and ERS saturation degree varies from 
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0.47 to 0.66, whereas the correlation is relatively weak in spring and winter due to low surface 
wetness or snow cover, while in summer, dense vegetation may also weaken the correlation (p < 
0.01 for all four seasons). 
 At point scales, the time series of surface soil moisture from SCAT retrieval, VIP simulation, 
and ground measurements in 2006 are demonstrated in Fig. 5. It is clear that SSM predicted by the 
VIP model quickly responds to rainfall and irrigation, as it increases dramatically when irrigations  
in March and April occur with dry antecedent conditions. Ground observation at a depth of 10 cm 
approximately follows the fluctuation patterns. 
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Fig. 5 Time series of surface soil moisture from SCAT retrieval, VIP simulation, in situ measurements 
and daily precipitation in 2006. 

 
 
VIP simulated and SCAT derived root zone soil moisture 

The maps of root zone soil moisture simulated by VIP for the four seasons (figure not shown here) 
are similar compared to surface soil moisture patterns. However, distinctive differences between 
mountainous areas and alluvial plains still feature in spring, autumn and winter; and with the 
supply of Baiyang Lake water, adjacent areas exhibited obvious higher root-layer water content. In 
summer, precipitation dominates the spatial distribution of root-layer water content, since 
infiltration rate determines the replenishment of the root-layer soil.  
 Retrieved root-layer soil moisture in spring and autumn is consistent with VIP model 
predictions, showing significant correlation (R2 are 0.31 and 0.45 separately, with p < 0.01). 
However, the correlations are poor in winter and summer, with R2 of 0.02 and 0.01, respectively. 
The moisture shows a narrow range of spatial variability due to low precipitation and frost in the 
wintertime. Also, snow cover is a crucial factor biasing remote sensing retrieval. Propagation of 
uncertainties due to high vegetation fraction spread from surface to root-layer moisture lead to low 
correlation with model prediction in summertime. 
 Note that different responding time parameters will result in various lag time intervals 
between external replenishment and root zone response, and the calibrated value 20 conforms to 
the general pattern of soil moisture transfer velocity under local weather processes. From Fig. 6, it 
can be seen that all three datasets display much smoother temporal trends than surface soil 
moisture. In VIP simulation, the rapid increases resulted from intense rainfall events or irrigations 
are still discernable. In situ measurements at 20 and 50 cm depths display relatively consistent 
distribution with the model predictions, but in a wider fluctuation amplitude. 
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Fig. 6 Time series of root zone soil moisture from SCAT dataset, VIP simulation, ground measure-
ments and daily precipitation in 2006.  

 
 
CONCLUSIONS 

In this paper, the results of the VIP model prediction are validated with ground measurements and 
ERS scatterometer data of surface and root-layer soil moisture time series in the Baiyang Lake 
Basin.  
 Overall, the model simulation shows a general consistency with the scatterometer dataset, 
having correlation coefficients from 0.47 to 0.66 throughout the four seasons; the correlation is 
enhanced in autumn, but decreased in summer and winter. Exponential-filter based root-layer soil 
moisture from SCAT data shows similar seasonal variation with the VIP simulation. However, the 
filtered data are less reliable on account of snow effects in winter and dense vegetation cover 
during summertime owing to the propagation of unreliable surface information. The close 
temporal consistency of model predicted root-layer soil moisture and ground truth showed the 
potential of the VIP model to simulate the root zone soil moisture for the Baiyang Lake Basin. 
Considering heterogeneity of soil moisture, for better estimation of RZSM the fusion of remotely 
sensed moisture with process-based models and in situ measurements still needs to be further 
explored. 
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